The kinetic model is updated for the dissolution of dehydroxylated lizardite. Experiments are performed in near-equilibrium solution compositions. The model describes the non-steady state dissolution behavior accurately. 
Introduction
In this third part of the publication series, we report the experimental results and modeling analysis for the dissolution of partially (75%) dehydroxylated lizardite (PDL) particles under flue gas atmosphere (CO 2 partial pressure, pCO 2 , below 1 atm), at low temperatures (30 C 6 T 6 90 C), and at near-equilibrium solution compositions. In the first part of this series, we had reported the experimental results for the dissolution of these particles at far-from-equilibrium conditions under flue gas atmosphere [1] . Experiments were performed in a flow-through reactor at operating conditions that ensured low concentrations of MgðaqÞ (c Mg ) and SiO 2 ðaqÞ (c Si ). In the second part of the series, we had developed a kinetic model for the dissolution of these particles at far-from-equilibrium conditions [2] . Two different structures of the PDL particles, namely the homogeneous and the heterogeneous particle structures, were considered in the modeling study. PDL particles were assumed to have up to three different silicate species (denoted by the index j) and each had its characteristic specific dissolution rate (r j ). Kinetic expressions, that are widely used in the literature to describe the specific dissolution rates at steady-state, were used to describe the measured non-steady state dissolution profiles. The far-from-equilibrium study allowed us to empirically describe the evolution of the reaction surface area during particle dissolution. A total of thirteen model parameters were estimated that allowed us to accurately describe the non-steady state and the non-stoichiometric release of MgðaqÞ and SiO 2 ðaqÞ at far-from-equilibrium conditions.
Recently, we had reported experimental evidence of CO 2 mineralization with PDL particles at low pCO 2 and T [3] . We had shown experimentally that a combined T and pCO 2 swing double-step process can have a higher dissolution and carbonation efficiency than a single-step batch process, under identical dissolution conditions. In the double-step process, PDL particles are dissolved in one reactor operating at solution compositions that are with respect to the kinetically relevant magnesium carbonate. This MgðaqÞ rich solution is then pumped into a second reactor, operating at higher T and lower pCO 2 , wherein the solution becomes supersaturated with respect to the kinetically relevant magnesium carbonate, thus fixing CO 2 in solid form as carbonates (see Werner et al. [3] for details).
In this context, we would like, in this work, to describe the dissolution kinetics of PDL particles at conditions relevant for the proposed double-step process, i.e., at pCO 2 6 1 atm, at 30 C 6 T 6 90 C. The corresponding pH, c Mg , and c Si at these conditions are however much higher than those in the farfrom-equilibrium kinetics study. The dissolution dynamics at these near-equilibrium solution compositions could be influenced by phenomena that were not considered in our previous far-fromequilibrium kinetic model. These include:
1. different dissolution mechanisms at higher pH conditions; 2. inhibition of silicate dissolution rates by Mg 2þ ions;
3. reduced chemical affinity for the dissolving species; 4. precipitation of super-saturated secondary phases on the dissolving particles.
The effects of all the phenomena above have been observed and documented in literature (e.g. [4] [5] [6] [7] ). A number of studies have recently reported the effect of amorphous silica precipitation on the surface of a dissolving silicate. While the precipitation of amorphous silica was found to strongly inhibit the dissolution kinetics of forsterite [8, 7] , it only weakly affects the dissolution kinetics of basalt or wollastonite [9, 10] . Based on the c Si values measured in the CO 2 mineralization study, we had observed the possibility for the precipitation of amorphous silica at T 6 60 C and of quartz at T ¼ 90 C [3] . However, the precipitation of the silica phases, in those experiments, did not appear to completely inhibit the subsequent MgðaqÞ release into the solution. In general, the consequences of silica precipitation on the transport of reactants and products species across this passivating silica layer is poorly understood and may not be trivial to model. But before trying to understand the consequences of the precipitation of secondary phases during CO 2 mineralization, it is very important to have an accurate knowledge of the dissolution kinetics in the absence of secondary phases.
This publication will build upon the far-from-equilibrium modeling work described in Hariharan et al. [2] in order to accommodate the effects of phenomena 1 to 3 listed above. We will first update the specific dissolution rates, r j , for the dissolution of the different silicate species at near-equilibrium solution compositions. We then design experiments, that exclude the precipitation of secondary phases, to allow estimation of parameters for the 
Theoretical considerations

Specific dissolution rates
The influence of pH, c Mg , and c Si on the dissolution rate of a silicate species can be described through its specific dissolution rate. The specific dissolution rates, r j , for the different silicate species (j ¼ 1; 2; 3), considered in our earlier work were descriptive of their far-from-equilibrium kinetics and in mildly acidic solutions [2] . In the following, we will update the expressions of r j for each silicate species.
2.1.1. Forsteritic silicate, j = 1
In the case of forsteritic silicate, the specific dissolution rate under far-from-equilibrium, acidic conditions was written as [2] :
where k 1 is the reaction rate constant for the dissolution of forsteritic silicate under acidic solutions and in the absence of ligands.
Rimstidt et al. performed a comprehensive statistical analysis on forsterite dissolution rates by analyzing all the data that were reported in the literature [11] . They showed that the reaction order with respect to proton activity changes from a value of 0:5 under acidic conditions, to about 0:25 at basic conditions. By extrapolating the rate data at acidic and basic pH conditions towards neutral pH conditions, they found that the transition from one mechanism and rate, to the other occurs at a pH of 5:72. Therefore, the specific dissolution rate of forsteritic silicate in the absence of ligands can be written as 
is imposed which allows calculatingk 1 when k 1 is known. Under the conditions relevant for CO 2 mineralization reported in Werner et al. [3] , the solution has high concentrations of bicarbonate ions. The pH of the solution, however, is low enough that the concentration of carbonate ions is negligible. Likewise in the surface complexation modeling approach for adsorption of ligands on forsterite surface described in literature [12, 13] , we assume the adsorption of a bicarbonate ion on a forsteritic silicate site V to form a ligand-adsorbed site V x :
where K HCO 3 is the equilibrium constant for the above equilibrium reaction. In order to minimize the number of parameters that need to be estimated, we assume K HCO 3 to be temperature-independent. The fraction of ligand-adsorbed sites, h Vx , is then given by
We assume that a ligand-adsorbed site, V x , dissolves according to the same mechanism as a free site, V. However, it dissolves at a faster rate (or slower if the ligand is inhibitory) due to a higher (or lower) value of the pre-exponential factor of the reaction rate constant. As the temperature dependence of the rate constants k is described using the standard Arrhenius equation:
the assumption above implies that
The complete rate expression for the dissolution of forsteritic silicate in the presence of bicarbonate ligands can then be written as the sum of the dissolution rates of the bicarbonate-free and of the bicarbonate-adsorbed sites: 
thus allowing for the calculation ofk 1x when k 1x is known. The equilibrium for forsterite dissolution can be written as
where K 1 is the corresponding equilibrium constant. The above equilibrium suggests that high values of c Mg and c Si should inhibit forsterite dissolution. To our best knowledge, there are no studies in the literature that have experimentally investigated the dissolution kinetics of forsteritic silicate at solution compositions close to its equilibrium. Therefore, we choose to express the reversibility of forsterite dissolution using the conventional approach developed by Aagaard and Helgeson [6] , i.e. by updating Eq. (9) as
where m is the Temkin's average stoichiometric number and S 1 is assumed to be the saturation index with respect to crystalline forsterite given as:
2.1.2. Si-rich species, j = 2 In the far-from-equilibrium model, the dissolution mechanism of Si-rich species at T 6 90 C was assumed to consist of the following set of chemical reactions (note that these equations merely represent the reaction mechanisms and are not stoichiometrically balanced) [2] :
where > indicates a surface site; g is the stoichiometric coefficient,
i.e. the number of Mg 2þ ions that need to be removed to create one silica precursor complex [5] ; K ex is the equilibrium constant for the leaching of Mg 2þ ions by H þ ions through an ion-exchange equilibrium process; K des is the equilibrium constant for the deprotonation of a surface silanol site. For T 6 90 C, pH P 3:7, and far-fromequilibrium solution compositions, we had found that r 2 would only be proportional to the fraction of the deprotonated > SiO À sites, h >SiO À , whereas the concentration of the positively charged site resulting from Eq. (16) is negligible, i.e.
where k À 2 is the rate constant for the dissolution of Si-rich species promoted by deprotonated surface sites [2] .
At near-equilibrium solution compositions, the reversible dissolution of the > SiO À sites formed through the reaction given by Eq. (15) can be represented as ð18Þ
Here the dotted lines represent the interface between the dissolving silicate, on the left, and the aqueous solution, on the right. As an example, the deprotonated surface site, > SiO À , is shown to be connected to neighboring surface silanol groups, > SiðOHÞ, in Eq. (18) . In the forward reaction, the deprotonated surface site undergoes hydrolysis to release SiO 2 ðaqÞ. The charge of the dissolving surface site is transferred to a neighboring surface silanol, thereby regenerating the active surface site for further dissolution. The reverse reaction involves the condensation of SiO 2 ðaqÞ on one of such active sites, i.e. a deprotonated surface silanol site. Such reaction mechanism is inspired by what is commonly used to describe the dissolution of amorphous silica in aqueous solutions [14, 15] . As the real nature of the Si-rich species, j ¼ 2, is unknown, we assume the following:
1. the leaching of Mg 2þ ions from the silicate species is such that
2. the following relationship holds:
where K 2 is assumed to be the equilibrium constant for the dissolution of amorphous silica;
3. Mg 2þ ions in solution interact with the surface silanol sites, > SiðOHÞ, to form bi-nuclear surface site complexes according to:
where K inh is the equilibrium constant for the above equation and is assumed to be temperature-independent. Bi-nuclear complexes formed by multivalent cations and ligands are known to inhibit the dissolution [16, 13] , hence we assume that the
has negligible dissolution rate.
Therefore, the reversible dissolution of the Si-rich species can be written as:
or,
where S 2 is the saturation index with respect to amorphous silica, and h >SiO À is given by (see Appendix B in Hariharan et al. [2] for an equivalent derivation for the surface site fraction):
The temperature dependence of K ex is described using the integrated form of the Van't Hoff equation:
where DH 0 ex is the corresponding enthalpy of reaction and
Lizardite is present in smaller amounts only in the core of PDL particles in the case of a heterogeneous particle structure [2] . The far-from-equilibrium dissolution kinetics of lizardite at acidic pH conditions was described as:
The above expression has been shown to be valid at pH 6 6:7 and temperatures 27 C 6 T 6 90 C [17] . The effect of a higher pH or MgðaqÞ concentrations on the dissolution rates of lizardite is not clearly established. For simplicity, we do not fit any new parameters for r 3 , but only account for its equilibrium limitation through:
where S 3 is the saturation index with respect to lizardite, given by
with K 3 being the equilibrium constant for the dissolution of crystalline lizardite which is written as:
Reactor modeling
The evolution of the instantaneous concentration of either solute (MgðaqÞ or SiO 2 ðaqÞ) in a well-stirred batch reactor can be written as:
where V r is the mass of water in the reactor, c is the concentration of the aqueous solute, and N is the total number of moles of that solute still in the solid particles at time t. The expressions relating N to r j are the same as in the far-from-equilibrium model, given by Eqs. (13), (14), (26) and (29) in Hariharan et al. [2] .
Experimental
Materials
PDL particles were obtained from Shell Global Solutions
International as a milled sub -125 lm powder, which was found to have a very broad particle size distribution with a large fraction of fines. It was therefore sieved to a narrower and well-defined 20-63 lm particle size fraction. Detailed characterization of both these particle size fractions are reported elsewhere [1, 3] . Gas bottles of pure CO 2 (grade 4.5), calibrated gas mixtures of 50 mol%, 10 mol%, and 2.5 mol% CO 2 in N 2 (AE2% relative error, Pangas AG, Switzerland) were used to obtain different gas phase compositions for the dissolution experiments. Ultrapure de-ionized water (Millipore, 18.2 MX cm) was used as the solvent for all dissolution experiments. Some dissolution experiments were also performed in a 10 mmol kg À1 Na þ solution prepared from ultrapure de-ionized water and NaHCO 3 salt (Merck KGaA, Germany).
Experimental set-up and methods
Isothermal batch dissolution experiments were performed on an EasyMax TM synthesis workstation (Mettler Toledo, Switzerland). A 140 mL PTFE reactor was used instead of the standard glass reactors that are provided with the workstation in order to limit solutewall interactions. The temperature of the reactor was controlled well within AE0:1 C of the set-temperature during all the experiments. The reactor lid (also made of PTFE) hosts an overhead stirrer attached to an upward pitched (at 45°) four-bladed impeller and has ports for a thermocouple, a gas-dip tube, a reflux-condenser, a conductivity probe (InLab Ò 731 connected to SevenMulti TM , Mettler Toledo, Switzerland), and a port to load the PDL particles or to take samples. The gas flow rate was controlled to about 50 mL min À1 via rotameters, and the online solution conductivity
was continuously recorded by a computer. The experiments were performed at atmospheric pressure conditions, which is assumed to be 1 atm. A small amount of solution was continuously lost from the reactor due to gas bubbling; such loss was neglected.
The conductivity probe was calibrated in order to track the evolution of c Mg in the reactor continuously during dissolution.
The details of the conductivity probe calibration are provided in Appendix A. The use of an online pH probe to track the evolution of cations during mineral dissolution is unreliable due to the non-reproducible effects of stirring on pH measurement [18, 19] . On the other hand, stirring speed did not have any effect on the measured conductivity values during any experiment. However, solution conductivity measurements can be affected if solid particles or gas bubbles flow between the electrodes. The experiments performed in this study employed very low slurry densities (6 0:53%) of small particle sizes which were verified not to affect the conductivity measurements. The conductivity probe was positioned above the impeller so that the circulating fluid avoided the accumulation of gas bubbles on the electrodes. The gas-dip tube was also suitably positioned to avoid the passage of gas-bubbles between the electrodes of the conductivity probe.
Dissolution experiments were performed at 30; 60, and 90°C. Experiments were performed either in 10 mmol kg À1 NaHCO 3 solutions, or in ultrapure de-ionized water, or in a MgðaqÞ rich solution obtained by dissolving synthetic magnesium carbonate, or in a MgðaqÞ and SiO 2 ðaqÞ rich solution obtained from the filtrate of pre-dissolved PDL slurry solution. In all experiments, a standard operating procedure was strictly followed that allowed us to obtain reproducible experimental results. Fig. 1 shows the evolution of c Mg ; c Si , and of the solution conductivity, j, during one exemplary experiment. Each experiment consisted of three experimental runs (data shown by colors red, blue, and green in Fig. 1 ). The first experimental run (data in red) starts by taking 95 g of a known solution in the reactor and equilibrating it to the desired temperature (T) and gas composition (f CO 2 ) for exactly one hour (À60 min 6 t 6 0 min in Fig. 1 ). Since the conductivity value is affected by both T and aqueous ionic species, a constant value of the measured conductivity for an extended period of time indicates a solution at equilibrium. One hour of equilibration time was found to be more than enough for all the experiments performed in this study. A known mass, w, of PDL particles was then loaded into the reactor (at t ¼ 0). The changing values of the measured conductivity over time indicates the release of MgðaqÞ during dissolution. The initial decrease in the conductivity at the onset of dissolution is due to depletion of protons (protons have a much higher conductivity than other ions present in this system). Although the conductivity probe could track the evolution of c Mg in the solution, c Si can only be measured offline by means of manual sampling. Hence, at t ¼ 60 min, a representative sample of the reactor slurry solution (%10 mL) was withdrawn using a syringe. The solution was immediately filtered and if needed, the filtrate was diluted. SiO 2 ðaqÞ concentrations were determined photospectrometrically using the molybdenum blue method. In order to further validate the conductivity measurements, MgðaqÞ concentrations in the samples were measured using an ion-exchange chromatography system (ICS2000, Dionex). The measured reactor concentrations c Mg and c Si at t ¼ 60 min are shown in Fig. 1 . The comparison of the measured c Mg concentrations and those obtained from conductivity measurements is also shown in Fig. 1 . Preliminary test experiments showed that the withdrawal of such a high volume fraction of the reactor solution affected the subsequent dissolution dynamics in a non-reproducible way. Therefore, it was decided to stop the first experimental run after sampling and to start the second and the third experimental runs by following the exact same procedure. The second and the third experimental runs were then allowed to run until t ¼ 120 min (data shown in blue) and until t ¼ 180 min (data shown in green), respectively. While this operating procedure is time consuming, it allowed us to measure the solution composition accurately and to validate the experimental reproducibility by comparing the conductivity profiles of each experimental run triplet. In all our experiments, the conductivity profiles overlapped very well thus proving good reproducibility. Based on the measured c Mg and c Si values, the extents of dissolution, X Mg and X Si , were calculated. Thirty experiments were performed in this study at various operating conditions, as listed in Table 1 . Experiments DB1-DB9 and DB10-DB18 explore dissolution kinetics at low solid loadings (w = 10 mg, corresponding to 0.105 mg PDL/g solution) in bicarbonate-rich and bicarbonate-lean solutions, respectively. Experiments DB19-DB30 study the dissolution behavior at higher c Mg or c Si values. Based on the equations described in Section 2.1, the four variables representing the solution composition that influence the specific dissolution rates are (1) attained in each experiment are also tabulated in Table 1 . The fugacity of CO 2 , f CO 2 , was calculated from the Redlich-Kwong equation of state as described elsewhere [1] . CO 2 -H 2 O equilibrium was assumed for all simulations, and the validity of this assumption is discussed below. All activities, a, and saturation indices, S j , in this study were computed using the geochemical equilibrium software package, EQ3/6 v8.0a, with the ymp database and B-dot equation to determine the activity coefficients of the aqueous species [20] . Due to the lack of thermodynamic solubility data for lizardite in the ymp database, the solubility product K 3 for lizardite at different temperatures T were set equal to those of chrysotile, a polymorph of lizardite. Such an assumption was also made in a recent study, where the dissolution kinetics of lizardite was investigated [17] . In order to validate the assumption of perfect CO 2 -H 2 O equilibrium, selected experiments were repeated with a pH probe (HA405-DXK, Mettler Toledo, Switzerland) instead of the conductivity probe. The qualitative trends of the experimental pH profiles could be used to determine the validity of the CO 2 -H 2 O equilibrium assumption in the experiments. A quantitative comparison however, is not possible due to the aforementioned issues associated with an online pH probe. It was also not possible to use both the conductivity and the pH probe simultaneously as online tools, because the pH probe constantly releases trace amounts of a certain ionic species (possibly KCl) into the solution, thus disturbing the conductivity measurements.
Results and discussions
The experimentally measured c Mg and c Si profiles from experiments DB1-DB18 were used to estimate the six unknown parameters, namely A 1x ; K HCO 3 ; m; K ex ð25 CÞ; DH 0 ex , and K inh , associated to the updated expressions for the specific dissolution rates. The values for the other parameters in the dissolution model are the same as those in the far-from-equilibrium model [2] , and these are also tabulated in Table S1 . The six parameters were estimated for both the homogeneous and the heterogeneous particle structures. These eighteen experiments were chosen for parameter estimation because:
1. they cover a wide range of values of pH, h Vx , activity ratio a Mg 2þ =a 2 H þ , and saturation indices S j .
2. the solid loadings, w, are low so that the assumption of perfect CO 2 À H 2 O equilibrium is valid, as qualitatively proven by the experimentally measured pH profiles.
Deviations from perfect CO 2 -H 2 O equilibrium can be qualitatively observed if the pH during a batch experiment does not rise monotonically (e.g. see Fig. S29 in supplementary files for a non-monotonic pH change during dissolution). Table 2 lists the values of the estimated parameters. The model parameters obtained for both particle structures are very similar. The updated model employing either particle structure was able to describe the dissolution trends with comparable accuracy.
For the sake of simplicity, all simulation plots shown in this study assume the homogeneous particle structure, though the discussion presented and the conclusions drawn are valid for both particle structures. Fig. 2 shows the quality of the fitting, where the experimental and simulated extents of dissolution, X Mg and X Si , for experiments DB1-DB18 are plotted. The model along with the fitted parameters was then used to predict the dissolution profiles of experiments DB19-DB30. The model was able to predict the dissolution profiles at these new operating conditions with good accuracy. The experimental and simulation results for all experiments performed in this study are plotted and provided as Supplementary files Figs. S1-S30. In the following, we will discuss the various effects observed in the experiments and in the simulations.
Influence of bicarbonate ions
In the kinetic model that we have developed, bicarbonate ions affect the dissolution rate of the forsteritic silicate as described in Eq. (12) . Experiments DB1-DB9 were carried out in bicarbonaterich solutions, and can be used for comparison with experiments DB10-DB18 that were performed in bicarbonate-lean conditions. An enhancement in the dissolution rates for experiments in bicarbonate-rich solutions can already be observed from some of the experimental data in Table 1 . As an example, let us compare the dissolution profiles of experiments DB1 and DB11 as shown in Fig. 3 . The pH during the entire duration of experiment DB11 is lower than that of DB1. If the dissolution rate were dependent only on a H þ ; X Mg of experiment DB11 would be larger than that of DB1, contrary to the experimental measurement. From the value of A 1x =A 1 reported in Table 2 , we obtain a minor enhancement in the dissolution rates of forsteritic silicate sites in the presence of bicarbonate ions by a factor of up to about five.
The effect of CO 2 on the dissolution rate of forsterite has been studied by a few researchers. At acidic and near-neutral pH conditions, a small enhancement in the dissolution rate of forsterite in the presence of CO 2 has been observed [21, 22] . A statistical analysis of dissolution rates of forsterite in the presence and in Table 1 Operating conditions for all dissolution experiments. The tabulated activities and saturation indices are computed with EQ3/6 v8.0a [20] . All dissolution experiments were performed by dissolving the 20-63 lm size-fraction particles in ultrapure de-ionized water equilibrated with a certain f CO2 , unless indicated otherwise.
Final solution composition at t ¼ 180 min the absence of CO 2 was summarized by Rimstidt et al. [11] . Using the rate expressions tabulated for the two cases in that study, the dissolution rates are found to be enhanced by a factor of up to five in the presence of CO 2 , i.e. a value comparable to the one reported in this study. (Note that the authors, however, came to the opposite conclusion in the discussion part of their publication due to a misinterpretation of their data. The error was acknowledged by the corresponding author of that study [23] ). However, it is also to be noted that the errors associated to the rate equations proposed in Rimstidt et al. are quite large. This made the authors be cautious about giving definite conclusions about the influence of CO 2 on the dissolution rate of forsterite. Recently, an enhancement in the dissolution rates of lizardite in the presence of bicarbonate ions has been reported [17] . In our study, it turned out that the small effect of bicarbonate ions is quite significant in being able to describe the dissolution profiles of all experiments. Although the model was fitted to experimental data that had a value of the surface coverage h Vx of only up to 0.65, the model is able to successfully predict dissolution profiles for higher surface coverages, namely up to 0.82, as seen from the simulation shown in Fig. S20 . The equilibrium constant for bicarbonate adsorption, K HCO 3 , was assumed to be temperature-independent in this study in order to minimize the number of parameters estimated. The values associated to it for the two particle structures are an average value across a wide temperature range. The values obtained in this study are of the same order of magnitude as the value of the equilibrium constant for bicarbonate adsorption on brucite at 25°C, i.e. 50 [13] . ions is questionable. In our model, we have expressed the reversibility of forsteritic silicate dissolution through its solubility equilibrium as given in Eq. (12), and assumed that forsterite can indeed reach its true dissolution equilibrium. Table 2 Model parameters for homogeneous and heterogeneous particle structures. increases. The solution composition during the entire duration of experiment DB18 is undersaturated with respect to forsterite. As a result, further dissolution of forsteritic silicate is possible in this scenario. The three red data points represent the three solution compositions from experiment DB9. It can be seen that the solution reaches the solubility of forsterite towards the end of the experiment. This would lead to the inhibition of further dissolution of the forsteritic silicate. This inhibition can also be observed from the experimental data reported by Werner et al. [3] for PDL particles. The blue data points correspond to solution compositions for the 90°C and 20% slurry density experiment reported in that study. It can be seen that the solution reaches, but does not exceed significantly the solubility composition of forsterite. The corresponding extent of dissolution, X Mg , reported for the experiment did not increase noticeably once the solution reached forsterite solubility. The decrease in a SiO 2 ðaqÞ in the plot is due to the precipitation of the secondary phase, namely quartz, as reported in that study [3] . Note that the experimental compositions lie slightly above the solubility composition of crystalline forsterite. This could be due to either an experimental uncertainty in measuring the solution compositions, or to the fact that the forsteritic silicate in the PDL particles is partly amorphous, and therefore exhibits a higher solubility than crystalline forsterite. These experiments show that the solution compositions during PDL dissolution can indeed reach the solubility composition of forsterite. The kinetic model developed in this study allows for this, and accounts for the slowing dissolution rate as equilibrium solubility is approached.
Si-rich species, j = 2
The dissolution rate of Si-rich species was assumed to be affected by the presence of Mg 2þ and SiO 2 ðaqÞ through its specific dissolution rate given by Eq. (24) . Mg 2þ ions were assumed to inhibit r 2 through the reversible reactions Eqs. (14) and (21) . It was found that a combination of these two inhibitory mechanisms was necessary to describe the dissolution profiles at all temperatures, T, studied in this work. In particular, the inhibitory effect described by Eq. (21) dominates at 30°C, and Eq. (14) dominates at 90°C. K inh was assumed to be temperature independent in order to minimize the number of fitted parameters. In the absence of knowledge about the real nature of this Si-rich species, we found that the specific dissolution rate assumed to be given by Eq. (24) was necessary and sufficient to describe the dissolution profiles within the range of operating conditions of this study. Further experimental evidence on the nature of the Si-rich species would be required in order to critically analyze the values of the parameters obtained.
Conclusions
The rate limiting step for an aqueous CO 2 mineralization process involving an abundant silicate mineral resource, like serpentine, is its dissolution to release Mg 2þ ions into the solution. Through this publication series, we have conducted a systematic and thorough investigation of the dissolution kinetics of partially dehydroxylated lizardite particles. In order to understand the complex dissolution profiles exhibited by these dehydroxylated particles, which have non-homogeneous physical morphologies and chemical properties [1, 2] , it became necessary to study their dissolution kinetics at a wide range of operating conditions. Since the overall objective of this research program is to develop an industrial CO 2 mineralization process, kinetic models that account for time varying reactive surface areas have been developed that have allowed us to describe the non-steady state dissolution profiles. While the far-fromequilibrium kinetics gave insight into the inherent dissolution rate limitations associated to a silicate [1, 2] , this near-equilibrium study allows us to understand the slowing dissolution rates as equilibrium solubility is approached. There is a need to study the dissolution rates both at far-from-equilibrium and at near-equilibrium operating conditions, as optimal solutions to overcome kinetic limitations will be different from those solutions overcoming limitations arising from equilibrium solubility. As an example, the kinetic rate constant for the dissolution of forsteritic silicate, k 1 increases with temperature, T, and this results in faster dissolution rates, r 1 at higher temperatures under far-from-equilibrium conditions [1, 2] . However the equilibrium constant for the dissolution of forsterite, K 1 , decreases with T [20] . Therefore, as shown in Section 4.2.1, this leads to slower dissolution rates and dissolution extents, X Mg , at T ¼ 90 C and at solution compositions relevant for CO 2 mineralization. By studying far-from-equilibrium dissolution kinetics independent of the near-equilibrium dissolution kinetics, we are able to distinguish between the consequences on r 1 in Eq. (12) arising from the parameters, k 1 and K 1 .
Mineral dissolution is a complicated process and often involves a multitude of phenomena. In this study, we have made several assumptions and simplifications to develop the equations that describe experimentally measured dissolution rates over a wide range of operating conditions. Nevertheless such a simplified model allows for an accurate quantitative description of both the far-from-equilibrium and the near-equilibrium dissolution profiles, within the range of operating conditions considered in this study, and in the absence of passivating amorphous silica layers. Precipitating amorphous silica has been shown not to completely inhibit the dissolution of PDL particles [3] . The near-equilibrium kinetic model developed in this study is necessary for any further study on the effects of passivation layers, in order to be able to distinguish between the equilibrium limitations for the dissolving silicate and transport limitations associated to the passivation layer. The kinetic model could also be used to design and optimize a multi-step CO 2 mineralization process that avoids the formation of a non-negligible passivation layer.
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